Passivating lithium ion battery electrode surfaces to prevent electrolyte decomposition is critical for battery operations. Recent work on conformal atomic layer deposition (ALD) coating of anodes and cathodes has shown significant technological promise. ALD further provides wellcharacterized model platforms for understanding electrolyte decomposition initiated by electron tunneling through a passivating layer. First principles calculations reveal two regimes of electron transfer to adsorbed ethylene carbonate molecules (EC, a main component of commercial electrolyte) depending on whether the electrode is alumina-coated. On bare Li metal electrode surfaces, EC accepts electrons and decomposes within picoseconds. In contrast, constrained density functional theory calculations in an ultra-high vacuum setting show that, with the oxide coating, e − tunneling to the adsorbed EC falls within the non-adiabatic regime. Here the molecular reorganization energy, computed in the harmonic approximation, plays a key role in slowing down electron transfer. Ab initio molecular dynamics simulations conducted at liquid EC-electrode interfaces are consistent with the view that reactions and electron transfer occur right at the interface. Microgravimetric measurements demonstrate that the ALD coating decreases electrolyte decomposition and corroborate the theoretical predictions.
I. INTRODUCTION
Improving the fundamental scientific understanding of lithium ion batteries 1-3 is critical for electric vehicles and other energy storage technologies. A key feature that enables the use of negative electrodes (graphite, Li metal, Si, Sn) operating below the reduction voltage of current commercial electrolytes is the formation of an electronically passivating but Li + -conducting solid electrolyte interphase (SEI) film on electrode surfaces. [1] [2] [3] [4] [5] Battery performance, irreversible capacity "loss," power fade, durability, exfoliation of graphite, and safety are highly dependent on the quality of the SEI. Therefore understanding the nature, formation composition, structure, and property of SEI is of great interest for Li-ion batteries. In this work, we apply computational and experimental techniques to analyze the success of the conformal atomic layer deposition (ALD) strategy for creating a passivating layer ("artificial SEI") on electrodes, 6-10 focusing on graphitic carbon anodes.
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It is generally accepted that, upon the first charge of uncoated graphitic anodes, the negative potential applied to induce Li + intercalation into graphite decomposes ethylene carbonate (EC) molecules in the solvent, yielding a self-limiting, 3-10 nm thick, passivating SEI layer containing Li 2 CO 3 , lithium ethylene dicarbonate ((CH 2 CO 3 Li) 2 ), 2,4,5 and salt decomposition products. Early modeling work on organic solvent breakdown has focused on reactions inside bulk liquid regions, with an excess electron already injected. 12-15 While providing extremely useful predictions pertinent to that regime, such models necessarily ignore the possibility of surface-assisted reactions and effects arising from electron transfer from electrodes. A more rigorous if costly technique, ab initio molecular dynamics (AIMD), has recently been applied to simulate chemical reactions at several explicit solidliquid interfaces. [16] [17] [18] [19] [20] One of the authors' previous AIMD works follows chemical reactions in real time at the pristine graphitic anodes/liquid EC interface. 21, 22 It is found that, at the initial stage of SEI formation, fast e − transfer and kinetically-controlled EC electrochemical reactions occur to form either CO or C 2 H 4 gas, [23] [24] [25] [26] mostly right at the oxidized edges of graphite sheets.
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As electrolyte decomposition proceeds, e − transfer becomes impeded by the intervening and partially-formed SEI layer between the solvent and electrode, and the decomposed solvent fragments can no longer anchor directly to the pristine electrode surface. This important next stage should figure equally prominently in the overall solvent breakdown mechanism and the structure of naturally-formed SEI. The electron tunneling blockage by SEI layers is a kinetic (not thermodynamic) phenomenon, akin to stoppage of electron leakage through gate-oxide dielectric in semiconductor devices. 29 Theoretical study there is hindered by the substantial thickness, possibly porous/gel-like nature, and heterogeneous composition of natural SEI.
trajectories "adiabatic" to electronic configurations (i.e., ionic motions are slow compared with electron transfer). EC breakdown on Li (100) metal surface is in this adiabatic regime.
DFT should be adequate for such processes, provided that the desired electronic configuration is the ground state and the self-interaction error of the approximate functional used is not critical to the properties being investigated.
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In the opposite, non-adiabatic regime, [37] [38] [39] [40] [41] e − transfer or tunneling is slow on the time scale of nuclear motion, and one must keep track of two electronic surfaces. 31 The oxidecoated model electrodes considered in this work pertains to this latter limit, where the electron transfer rate between two discrete orbitals is given by
λ is the reorganization (free) energy, V AB is the coupling matrix element connecting the two electronic surfaces, and ∆G o is the reaction free energy. λ indicates the energy cost associated with molecular deformation needed to take on an extra electron (EC → EC − ).
V AB is the familiar prefactor that depends on the overlap between two many-body wavefunctions associated with the two electronic surfaces (Fig. 1a) . Small V AB correlates with non-adiabatic e − tunneling.
Neither V AB nor λ can be directly obtained using standard DFT methods. In this work, λ is estimated using the constrained DFT (cDFT) approach 38, 43 and Marcus theory harmonic construction ( Fig. 1a) under both ultra-high vacuum (UHV) and liquid state 44, 45 configurations. cDFT is also applied to estimate V AB . 39 . While cDFT and related methods have been applied to molecules on metal surfaces, [46] [47] [48] calculating V AB between a metallic electrode
and an e − -accepting molecule, or for that matter the total e − tunneling rate, has relied on simplified models. [49] [50] [51] [52] [53] [54] [55] When augmented using a Fermi Golden-rule expression (Fig. 1b) , we argue that the our V AB value yields a well-defined kinetic prefactor for electron transfer from a metallic electrode. Our prefactor prediction is a preliminary estimate, and fundamental studies to extend cDFT to e − transfer from metallic electrodes are needed. However, this is sufficient for our goal of order-of-magnitude estimates of e − transfer rates. When the insulating layer (ALD oxide or natural SEI, or their combination) grows thicker, V AB starts to decay with oxide thickness, and its magnitude is examined via extrapolation in a way analogous to the one-dimensional Wentzel-Kramers-Brillouin (WKB) formula. An alternative to this cDFT formulation may be Greens function/time-dependent DFT. [56] [57] [58] To our knowledge, TDDFT methods have not been successfully applied to predict orbital-to-orbital V AB values that involve metallic electrodes.
With these computational techniques, we show that the sub-nanometer oxide coating, 7, 11 generally not considered sufficiently thick for complete electron blockage in, say, gate oxide dielectric applications, 29 causes λ (much neglected in previous battery studies) to play a significant role in ALD-assisted passivation. Electron tunneling to EC, not bond-breaking within the adsorbed molecule, is generally found to be the rate-determining step for breakdown of EC adsorbed on the ALD-coated electrode.
In terms of experiments, microgravimetric measurements that confirm the presence of solvent decomposition products on the surface are presented to corroborate aspects of our predictions.
This paper is organized as follows. Section II describes the methods used. Adiabatic electron-transfer induced EC reactions with Li metal surfaces is discussed in Sec. III. The long-range electron transfer formalism is shown to be inapplicable here. Section IV describes the non-adiabatic electron tunneling from oxide-coated electrodes to EC molecules adsorbed on their surfaces, and addresses the subsequent EC bond-breaking events. Adiabatic DFT/PBE calculations are shown to underestimate the electron tunneling barrier in this regime. Section V reports the experimental results, and Sec. VI briefly summarizes this work.
II. METHODS

A. Model systems
The casual reader is encouraged to skip forward to Sec. III for the results.
The key model systems are ∼7.0Å ("thin") and ∼10Å ("thick") layers of LiAlO 2 in β-NaAlO 2 structure with (100) surface terminations, coated on narrow strips of Li x C 6 electrodes ( we further discuss the electrochemical potential of these electrode models. Even with this reduction, the barrier is high enough to prevent observation of EC breakdown in picosecond time scale, and therefore using non-spin-polarized DFT in AIMD simulations does not affect the conclusion that no reactions occur within the 7 ps trajectories in high barrier cases. Further details on NEB calculations are discussed in the S.I.
C. Non-adiabatic regime: Constrained DFT A version of the constrained DFT (cDFT) method 38,39 is implemented into VASP. The constraining potential is chosen to be
Here V o is a constant to be self-consistently determined, κ is 6Å −1 , i labels the atoms in the selected EC participating in electron transfer, r i is the atom position on that EC, and w i is an element-specific radius. w i amounts to 1. |V o | to increase the charge on adsorbed EC − to −0.80|e| is found to yield only a 10% change on the coupling matrix element V AB , but can increase λ by a fraction of an electron volt. The more important parameter, the barrier in Eq. 1, is only affected by ∼ δλ/4 in the harmonic approximation used in this work. In the S.I., the predicted λ for adsorbed EC is shown to be comparable to that for EC in liquid EC, computed using cluster calculations, localized orbitals, and a dielectric continuum approximation.
Coupling matrix elements V AB between the two different adiabatic surfaces (Fig. 1a) are computed using the cDFT formalism for discrete orbital levels, 39 which is implemented into VASP within the projector-augmented wave formalism. 68 The same atomic configuration must be used for both electronic surfaces, and this is chosen to be the optimized atomic configuration where no excess electron resides on the flat, adsorbed EC. V AB is generally assumed to be relatively independent of atomic positions with the "Franck-Condon" approximation, although molecular orientation dependence has been demonstrated. 44 This cDFT-based V AB formulation was originally devised for electron transfer between ground state cDFT donar and acceptor electronic configurations, with the implicit assumption that the relevant density-of-state is discrete. In the limit of non-interacting electrons residing on a metal electrode, this formalism reflects only the top curve on the left side of Fig. 1b and does not reduce to the well-known Fermi Golden Rule formula for tunneling from a continuum of donor states. Consider, in this limit, a band of single-particle energy levels E characterized by a density-of-state D(E) of orbitals φ(E), Fermi distribution function f (E), Fermi level E F , and an isolated acceptor orbital φ a with energy E a . The Golden
Rule rate, associated with multiple level crossings illustrated in Fig. 1b , is
where v(E) is the single-particle coupling matrix element and O R denotes averaging over nuclear degrees of freedom R on which all quantities implicitly depend. This formula allows many-electron acceptor |Φ B ′ states that involve φ a but not the HOMO of |Φ A , which represent electron-hole excitations. 52 In contrast, cDFT can only generate the electron-acceptor manifold |Φ B ′ which is the ground electronic states within the applied constraint.
To incorporate the effect of Eq. 4, we make the common assumption that V AB is constant over the relevant range of density-of-state. 46, [48] [49] [50] [51] [52] [53] [54] [55] Then an empirical Golden Rule-like expression can be proposed:
Here ∆E o is used in place of ∆G o because we ignore entropy changes in T=0 K, UHV-setting calculations, f a ′ is the Fermi and/or symmetry weight of Kohn-Sham orbital a ′ , and ∆E a ′ is the difference in energy between the Fermi energy and each Kohn Sham orbital level a ′ , e F −e a ′ . a ′ deep within the occupied manifold does not contribute due to the ∆E a ′ factor.
The self-consistent Γ-point electronic density is used to generate a dense grid of occupied states φ a ′ using a 1×4×4 Monkhorst-Pack Brillouin sampling.
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To converge to the infinite size limit for e − transfer to a single EC molecule, the correct approach is not to increase k-point sampling, but to increase all spatial dimensions of the model electrode. If the Li x C 6 component of the electrode is doubled in size in any one direction, the orbital donor wavefunction φ a ′ delocalized over the electrode is scaled down by ∼ 1/ √ 2, and |V AB | 2 decreases 2-fold. This underscores the fact that V AB is not a measurable quantity in finite-sized electrode models, but changes with the system size. However, the density-of-state D(E a ′ ) increases proportionately with system size, and the sum over all orbital contributions (Eq. 5) should be well-defined in that infinite size limit.
D. Experimental Details
Carbon films deposited onto Cu were used as electrodes to explore the passivating role of the ALD-derived alumina coatings with respect to electrolyte reductive decomposition.
Polished AT-cut quartz crystals patterned with Cu electrodes (9 MHz, Inficion) were used as the base current collector for conducting both voltammetry and gravimetry. 50 nm thick carbon films were deposited onto these crystals using a pulsed laser deposition method.
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Conformal alumina coatings were deposited onto both carbon films and bare Cu electrodes at a substrate temperature of 180 o C using alternate cycles of trimethylaluminum and water This suggests that adiabatic DFT/PBE barrier predictions are reasonably accurate for EC in contact with Li metal. The small barrier explains why both product channels are available in picosecond time scales at explicit liquid EC/electrode interfaces (Fig. 2b, Ref. 15 ). We speculate that the kinetic prefactor favors the CO-route and makes it the majority product in liquid-solid interface simulations (Fig. 2b) .
C. Long-range e − transfer formalism is not applicable to EC/Li(100)
For e − transfer to EC directly adsorbed on uncoated electrode surfaces, the close contact should render the cDFT method for non-adiabatic long-range electron transfer 39,43 inapplicable. If one insists on calculating V AB using cDFT and and the simulation cell described in Table I , V AB is found to be 0.23 eV for a flat EC adsorbed on Li (Fig. 3b) . This large V AB is consistent with the significant, 56% overlap between the acceptor and donor many-electron wavefunctions, and should put the system in the adiabatic electron transfer regime -even with the caveat about the system size dependence of V AB . 83 (For comparison, a theoretical work on NO molecules adsorbed on Ag(111), not using cDFT, has also yielded fraction-of-eV V AB . 48 ) We conclude that the adiabatic DFT/PBE treatment should suffice in this case. A. Two metastable EC charge states on 7Å thick oxide surface
The Li x C 6 model with a 7Å thick LiAlO 2 coating proves especially useful for examining the details of electron transfer from the electrode to an adsorbed EC, which either precedes or takes place simultaneously with EC − decomposition. Two (meta)-stable adsorbed EC configurations can be stabilized (Fig. 4) . One is a flat, charge-neutral EC coordinated to a surface site (an AlOH group) via its carbonyl oxygen atom (Fig. 4c) . Figure 4a The other configuration has an intact EC − which adopts a bent geometry with the C=O bond protruding out of the EC plane (Fig. 4d) . This is reminiscent of the first stage of liquid EC decomposition on Li (100) surface, where the e − -accepting EC adopts a similar bent configuration. 15, 84 The excess charge on the EC is centered around the carbonyl oxygen atom which is coordinated to two AlOH groups and a Li surface atom. The system exhibits a DOS (Fig. 4b) The bent EC − is almost iso-energetic with the flat EC. Its slight exothermicity, ∆E o = −0.02 eV, does not depend on whether the electron transfer is adiabatic or non-adiabatic.
It should not be affected by the periodic images imposed by the simulation cell because the dipole correction is applied. 71 In fact, despite the transfer of an e − across a 7-or 10-Å thick oxide layer, the overall dipole moment of the simulation cell changes by less than 1.0 |e|Å, apparently because the electron density in the metallic Li x C 6 strip can rearrange itself to accommodate the electron transfer. The total charge in the simulation cell is conserved in these calculations and the large correction due to periodic boundary conditions for isolated ions in solutions is not needed. 85, 86 Note that ∆E o is used in place of ∆G o because the calculation is performed at T=0 K.
B. Non-adiabatic electron transfer on oxide surface
We apply the cDFT method to calculate λ and V AB required to estimate the electron transfer rate k et (Eqs. 1 & 5) . We stress that the flat EC absorbed on the oxide coatings is treated using unconstrained DFT/PBE. The highest-occupied orbitals of the 7Å and 10Å thick coatings reside in the Li x C 6 region, and exhibit integrated electron densities of less than 10 −4 and 5×10 −8 |e| on the EC molecule, respectively. This shows that the unconstrained DFT method already gives a reasonable description of the neutral EC electronic configuration.
λ is computed for the optimized, flat EC geometry adsorbed on the thin LiAlO 2 coating (i.e. image 0 in Fig. 5a ). cDFT imposes an extra electron on the EC molecule. 
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With λ=2.06 eV for EC adsorbed on the thin LiAlO 2 surface, the non-adiabatic barrier becomes 0.51 eV from a simple Marcus construction (Eq. 1). This barrier is much higher than the ∼0.1 eV adiabatic DFT/PBE activation energies for both the C C -O and C E -O bond breaking pathways on this surface (Sec. IV C), and is therefore the rate-limiting step in EC breakdown on the surface of the thin LiAlO 2 coating.
In the S.I., an EC with a dielectric approximation of the liquid EC solvent medium is found to exhibit an average of λ = 1.76 eV, similar to EC adsorbed on the thin LiAlO 2 coating. The co-solvent dimethyl carbonate (DMC) exhibits only slightly smaller λ values.
Therefore the substantial λ, large compared to many organic molecules, 87 is intrinsic to out-of-plane bending of the C=O group as the carbonyl carbon atom adopts a sp 3 -like geometry to accommodate an e − . The S.I. further presents results on vertical excitation energy, ∆E vert = λ + ∆E o (Fig. 1a) , computed in several AIMD snapshots, to suggest that the Arrhenius term in Eq. 1 favors e − transfer to EC molecules at the interface over EC in the bulk liquid region. In such AIMD simulations, we are limited to the first choice of λ,
i.e., instantaneously adding an electron to EC, because EC − in liquid EC can have short lifetimes. 21 Hence we will focus on this first choice throughout this work.
As this is a T=0 K calculation in a UHV-like setting, we have simply used the (∆E o + λ) 2 /(4λ) expression in Eq. 1 as the tunneling barrier, 39,42 and have not traced out the two adiabatic curves as a function of the energy gap using liquid state potential-of-meanforce simulations. 88, 89 We have however checked that, when relaxing EC − frozen in the flat geometry ( Fig. 4c) with a constrained charge, it reverts to the stable bent EC − (Fig. 4d) configuration, showing that the cDFT approach puts the system on the correct electronacceptor potential surface. In the future, we plan to perform direct cDFT calculation of the barrier height at T=0 K by simultaneously optimizing the same atomic configuration on both energy surfaces. The cDFT coupling matrix element is estimated to be V AB =0.022 eV at the flat EC geometry. Therefore the relaxation of other electrons ("polarization effect") does not strongly influence the overlap integral when using Γ-point sampling.
This estimate of V AB does not reflect the classic Fermi Golden rule phenomenology (Sec. II). Applying Eq. 5 to approximately account for the finite density-of-state on the electrode, we obtain a 1.63×10 4 /s electron transfer rate. Simply using the cDFT definition of V AB in Eq. 1, which represents a single point integration quadrature, merely underestimates this rate by a factor of 1.68. Using DFT/PBE rather than more accurate but costly hybrid functionals has been known to overestimate V AB by almost a factor of 10. 44 In the present case, the DFT/PBE underestimation of the band gap of the insulating oxide layer may lead to some overestimation of the electron tunneling rate. Despite the approximations and assumptions involved, this is to our knowledge the first DFT-based estimate of the tunneling rates from an electrode, through an oxide layer, to an adsorbed EC molecule. The value may potentially be compared with UHV measurements. After electron transfer, EC − decomposes, and the negatively charged EC fragments will most likely complex with Li + from the electrolyte and be incorporated into the SEI layer on top of the ALD film.
On the thicker LiAlO 2 coating, ∆E o =0.77 eV. λ=1.98 eV is predicted in the flat EC geometry. Removing an e − from the bent geometry yields λ ′ = 1.69 eV. The asymmetry is 15%. We again adopt the first choice of λ. V AB is estimated at 0.0128 eV, about half that of the 7Å thick LiAlO 2 coating. 90 As discussed in Sec. IV, the thinner coating exhibits substantial surface relaxation which is absent in the 10Å layer, making a purely thicknessbased comparison of V AB difficult. Fig. 5d 4 /s), will permit electrolyte breakdown, even if we assume that these rates are overestimated by 100 times due to the use of the PBE functional discussed above. Indeed, our gravimetric measurements reveal electrolyte decomposition on the coated electrodes -consistent with ready availability of electrons -albeit in much less quantity than on uncoated electrodes (Sec. V). The electrolyte decomposition product then yields an additional insulating layer that prevents further electron tunneling.
Our main point in this section is not to predict exact k et values, but to highlight the previously neglected role of the EC reorganization energy (λ) on electrode coated with an insulating layer. An immediate implication is that different solvent molecules/salt components may exhibit different λ and e − -transfer rates.
C. DFT/PBE treatment of electron transfer on oxide surface is inadequate
We next demonstrate that adiabatic DFT/PBE calculations are inadequate when dealing with e − tunneling through insulating oxide layers.
The electron transfer barrier strongly depends on whether the e − transfer is adiabatic or not, and on the accuracy of the DFT method used. This small 0.09 eV value gives the strongest indication that DFT/PBE grossly underestimates the e − transfer barrier. In classical electron transfer paradigm (Fig. 1a) , the parabolic intersection which yields the non-adiabatic barrier in the exponential term in Eq. 1 is expected to differ from an adiabatic prediction of barrier by V AB . Instead, the former is 0.51 eV and the latter is 0.09 eV (Fig 5a) ; their difference far exceeds V AB =0.022 eV before considering system size dependence. The discrepancy is most likely due to the self-interaction error in the DFT/PBE functional, 32,34 a point already alluded to in Ref. 39 . The widely used PBE functional, along with others, do not sufficiently penalize configurations where an electron occupies both the electrode and the EC molecule. Indeed, in image 2 of Fig. 5a , a fractional −0.2 |e| charge develops on the EC, which should be considered unphysical for a molecule separated from the electrode by at least 7Å. Hybrid DFT functionals exhibit less self-interaction errors than DFT/PBE, but are currently too costly for computing barriers in interfacial systems of this size.
35
The 10Å -thick oxide-coated electrode exhibits a monotonic DFT/PBE energy profile for electron transfer. There is no DFT/PBE adiabatic barrier between the flat EC and bent EC − beyond the minimal 0.77 eV mandated by the endothermicity (Fig. 5b) , suggesting that the electron tunneling barrier is again severely underestimated. Using the conjugate gradient geometry minimizer in VASP, the bent EC − geometry on this surface is in fact on the verge of instability, about to lose electron density to the electrode and relax to the flat EC 0 geometry. Therefore the depicted energy profile actually reflects an optimized geometry subject to a charge constrained via cDFT with a small V o = −0.2 eV. If we consider the energy of an e − in the bulk electrolyte to be a constant, independent of electrode surfaces, the energy for ejecting an electron from different electrodes into the bulk electrolyte will only be shifted by the work function 95 (where an e − goes into vacuum).
Thus, we have computed the work functions of coated and uncoated electrode surface and some crystal planes of ALD coating materials (Table II) . The -OH and -OLi terminated LiAlO 2 coating work functions are within 0.5 eV of the Li metal value, indicating that similar energies are required to remove an electron from these surfaces. The Al 2 O 3 coated surface has a much higher work function (Table II) , consistent with our observation that Al 2 O 3 is a more insulating material than LiAlO 2 (see below).
Even though our DFT calculations show that placing these oxides in contact with Li metal surfaces leads to immediate Li metal oxidation, we use Li(100) as a reference because its voltage is similar to that of LiC 6 . Aligning the work functions of Li(100) and the oxide materials (Table II) , it is clear that the valence and conduction bands of the ALD phase lies below and above the Fermi energy (E F ) of Li metal, respectively. Electron tunneling from the Li E F to the conduction bands of Al-terminated Al 2 O 3 (0001) and LiAlO 2 (100) exhibit 1.43 eV and 1.13 eV offsets (barriers, ∆E), respectively.
According to the 1D WKB formula, the tunneling prefactor is
where m e is the electron mass. If we take a tunneling transmission probability of e −40 as the limit of vanishing electron tunneling, 3.7nm thick LiAlO 2 and 3.2nm thick Al 2 O 3 are required to stop total SEI growth using DFT/PBE predicted ∆E. The work function is only one contribution to Φ and does not contain solvent orientation and electric double layer effects
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(which should be less important for our inner-shell redox reduction of solvent compared to the classical paradigm of electron transfer to well-solvated outer-shell ions). Nevertheless, it gives a simple guidance for comparing different insulating ALD coating materials. As e − transfer slows down and becomes rate-limiting, the composition of SEI films formed from electrolyte decomposition will likely change. This is because solvent molecules (other than EC), the counter ions (PF − 6 ) in the salt, and other partially decomposed products may exhibit smaller electron transfer barriers (reorganization energies) and start dominating the product channel.
E. EC bond-breaking on ALD coating after e − transfer
On the 10Å thick LiAlO 2 -coated Li x C 6 strip (Fig. 2f) , no EC decomposes within 7 ps. The limited duration of the AIMD trajectory does not permit an estimate of the adiabatic AIMD/PBE free energy barrier. While this barrier can be computed using the AIMD/potential-of-mean-force method, 17 it will be underestimated due to PBE selfinteraction errors and underestimation of the electron tunneling barrier.
However, on the 7Å thick LiAlO2 2 layer, a C C -O bond on one EC molecule is spontaneously broken within 1 ps (Fig. 2e) , yielding OCOC 2 H 4 O − , the majority predicted product on Li metal surfaces (Fig. 2b) and a precursor to CO. Here the monovalent anion intermediate is stabilized by hydrogen bond donation from several AlOH groups and by coordination to two surface Li atoms. Since the DFT/PBE method erroneously underestimates the 0.51 eV e − tunneling barrier associated with molecular reorganization (Fig. 4a ) which precedes bond-breaking, it vastly overestimates the overall bond-breaking rate. Indeed, the EC decomposition timescale predicted with DFT/PBE is similar similar to the timescale predicted in the absence of the ALD layer. 21 This is in disagreement with our experimental measurements which reveals far less solvent decomposition products when an ALD layer is present (Sec. V). Instead, 0.51 eV should be taken as the overall activation energy in these bond-breaking events. With this barrier, the bond-breaking rate should occur in millisecond, not picosecond, timescales at room temperature. Nevertheless, this PBE-based AIMD calculation is valuable because it identifies the most reactive surface site. An EC adsorbed at this site is used in the e − transfer calculation of the previous section (Fig. 4) . Under UHV-like conditions, an isolated EC molecule adsorbed at this site exhibits < 0.05 eV adiabatic DFT/PBE C-O bond-breaking barriers provided a 0.4 V/Å electric field is applied (Fig. 6) . The qualitative correspondence between adiabatic AIMD/PBE decomposition rate and UHV barrierless reaction is the reason this model is adopted for e − transfer studies in Sec. IV B.
Because of its extreme thinness, optimizing the 7Å -thick LiAlO 2 film coated on to Li x C 6 has caused 2 Li atoms per surface to migrate outwards (Fig. 2e) . These outlying Li coordinate to the surface hydroxyl groups, polarizing them. The EC that undergoes breakdown ( Fig. 6d ) is indeed hydrogen bonded to an OH group coordinated to a surface Li + . Such Li migration to the surface does not occur in the thicker LiAlO 2 coating. Hence the faster adiabatic AIMD/PBE EC decomposition dynamics on the thin LiAlO 2 coating is not just a consequence of oxide thickness, but is partly due to active site chemical specificity.
This anomaly may also be the reason the predicted V AB value does not strongly decrease with increasing the oxide thickness from 7Å to 10Å, and may further explain the difference in work functions between Li x C 6 coated with 7Å and 10Å thick LiAlO 2 films (Table II) .
The 10Å -thick LiAlO 2 coating does not exhibit outward Li atom migration. Here the DFT/PBE bond-breaking barriers of adsorbed EC are not readily deconvolved from e − transfer (S.I.). For simplicity, we consider a model with just one 10Å thick LiAlO 2 layer hydroxylated on both sides (Table I) , add one excess e − that now always resides on the EC because of the Li x C 6 e − sink has been removed, and compute EC − decomposition energetics without applied electric fields. C E -O bond-breaking to form CO 2− 3 precurors remain barrierless and exothermic. However, the C C -O cleavage route to form CO precurors becomes endothermic and exhibits a 0.71 eV barrier. This indicates a product channel cross-over as the oxide thickness increases and/or the reactivity of the surface site decreases. The expected reaction pathyways transition from a mixture of C E -O and C C -O bond breaking to predominantly C E -O cleavage (CO 2− 3 precursor). While the liquid solvent environment is not included here, we speculate that this finding may be extrapolated to other coating surfaces, including natural SEI films, as the surface sites become less reactive. In the future, we will also examine EC decomposition reactions on Li 2 CO 3 surfaces to see if similar trends persist on that crystalline material, recently adopted as a theoretical model for organic solvent decomposition SEI film, and the decomposition of other solvent/salt molecules.
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We have also conducted AIMD simulations of graphitic anodes coated with 5Å thick hydroxylated Al 2 O 3 layers (Fig. 2f) . No Li ions reside near the interface region, and no solvent decomposition is observed within 7 ps, despite the thinness of the oxide. This emphasizes the importance of surface heterogeneity at atomic lengthscales. Replacing all surface AlOH groups with AlOLi dramatically increases the decomposition rate; this will be discussed in future publications. Figure 7 shows the combined voltammetric and microgravimetric responses of the uncoated and alumina coated PLD carbon films as the electrode potential is decreased to a value slightly above the threshold for Li + intercalation in the carbon. The uncoated carbon electrode (Fig. 7a) exhibits a continuously increasing current response, with several discrete maxima. One maximum reaches a value of 4 µA/cm 2 with a mass increase of 2 µg/cm 2 at a potential of 2 V. The other maximum reaches 11 µ/cm 2 at a potential of 1 V. The decomposition of the electrolyte and deposition of byproducts at 2 V is catalyzed by the Cu substrate, as evidenced by the similar current and mass changes on a control Cu electrode (Fig. 7b) , and demonstrate that the carbon films possess porosity and allow electrolyte penetration.
V. EXPERIMENTAL RESULTS
As seen in the limiting current and mass profiles of and retarded SEI formation. The fact that mass addition is observed in the presence of these alumina coatings is a clear indicator that alumina serves to retard and limit the extent of but does not prevent electrolyte reduction and resulting byproduct film formation.
VI. CONCLUSIONS
In this work, we compare EC decomposition on Li metal and on models of oxide-coated electrodes. The latter mimics recent experimental work using ALD technique to passivate anodes. This ALD strategy carries significant technological promise, [6] [7] [8] [9] [10] [11] and it also provides an ideal robust platform for theoretical and experimental study of passivating mechanisms.
These two systems represent two electron transfer regimes.
On pristine Li (100) surfaces, liquid EC and even isolated adsorbed EC molecules are predicted to undergo decomposition in picosecond time scales. CO is the dominant product from EC, possibly because of favorable kinetic prefactors, even though both the CO and 3 product is more thermodynamically stable. EC molecules and the electrode are in close contact and strongly coupled.
Adiabatic DFT/PBE and AIMD/PBE simulations should be accurate in this regime.
In contrast, electron transfer through an oxide layer should be slow compared to nuclear motion. We find evidence that tunneling through even a 7Å thick oxide layer belongs to the non-adiabatic regime. Applying constrained DFT (cDFT) calculations, such thin coatings are found to slow down e − transfer because the solvent reorganization energy λ now figures prominently in electron tunneling through the oxide. λ, largely neglected in previous studies of electrolyte decomposition in batteries, is estimated to be ∼ 2 eV for adsorbed EC molecules in ultra-high vacuum-like conditions. This translates into a ∼ 0. 
